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The parafermion operators are a generalization of the free fermion operators used to solve the
transverse field Ising spin chain. We will use the parafermion formalism to show that the Z, spin
chain Hamiltonian can be written in terms of free parafermion modes. Furthermore, we will show
that parafermion edge zero modes exist when nearest-neighbour interactions are chiral.

INTRODUCTION

In the Ising model, each site on the lattice has only 2
possible states, and the Hamiltonian is constructed from
Pauli matrices. In a spin chain where each spin has n
possible states, the Paui matrices become n x n matrices.
In particular, the eigenvalues of o, become w?, where 4
is an integer, and w is a complex number that satisfies
w™ = 1. The o, becomes the ”shift” operator 7, which
takes an eigenstate of o = o, from w’ to w'*!. These
properties can be written mathematically as:

WwTO =0T
7t =l

The first identity comes from the fact that w™ = 1. The

second comes from the definition of the ”shift” operator,

and the last two come from unitarity. Now, the gen-

eral spin chain Hamiltonian with nearest-neighbor inter-

actions is given by:

L L—1
H = ijTj+ZJjU;Uj+1 (1)
=1 i=1

where f; and J; are spatially anisotropic interaction
strengths.

THE PARAFERMION FORMALISM

Analogous to the Majorana fermion operators of the
Ising model, there are 2 parafermion modes per site:

j—1
- n—1
Xj = (H Tk) oj Xj =W T OX;T (2)
k=1

They look the same as the Ising fermions, but with o
and 7 substituted for the respective Pauli matrices. In
addition, sites are not filled or empty; there are n distinct
fillings, as in figure 1. However, the second mode doesn’t
look quite like the second Majorana mode in the Ising
model. This is due to the fact that w # —1 for the Z,, spin
chain. From the properties of 7 and o, the parafermions
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FIG. 1: Energy diagram for Z3 parafermions. Each yellow
dot represents the parafermion, and the filling is determined
by which branch it is on.[1]

obey:
=1 X=X
XaXb = WXbXq for a <b

The constraint a < b is necessary because % # w; there-
fore switching a and b would cause issues without this
constraint.
Rewriting the
parafermion modes,

Hamiltonian in terms of these

L L—1
n—1 ~ n—1 ~
H=w7 Y fixgx+0™ > Jigaxl  (3)
j=1 j=1
To simplify the notation, define

b fj)ZjX} J odd
’ Jij+1>2;7 J even

(4)

From the parafermion operator relations, these operators
obey relations:

hjhj+1 = whj+1hj h?‘ =

where v; = fj* for odd j and v; = J* for even j. hys
commute with each other if they are more than 1 site
apart. Then, the Hamiltonian is just

2L—-1

sznT_l Z h]‘
j=1



HIGHER HAMILTONIANS

From the commutation relations for h;, we can note
that hj_1h;11 commutes with h;. This means that any
operator of the form:

JM = 3" 2L —1...3 2L —2m+1hy, ... Iy,
Bar =bym—1+2 bi=1

commutes with the Hamiltonian. For m = 1, this is just
the Hamiltonian.

The higher Hamiltonians are operators corresponding
to local conserved quantities; like the operators above,
they commute with each other and the Hamiltonian. In
a classical integrable model, the higher Hamiltonians are
found by taking the logarithmic derivative of the transfer
matrix and expanding it as a power series. Analogously,
in the integrable quantum chain, the transfer matrix is
replaced by a superposition of the non-local conserved
quantities:

The relationship between the higher Hamiltonians and
this ”transfer matrix” is then:

—ui InT(u Z Hm ™

Matching powers of 4™ in this expression, we can write
down a recursion relation for generating the higher
Hamiltonians in terms of the lower order Hamiltonians.
Combined with the definition of J(™) this gives a closed-
form expression for the higher Hamiltonians (in a chain
of length L):

L—1 (m)

1- i T
m) = Z Z 1— Z” H TJ+117"jth+jfl (5)
J

where the sum over (m) is a sum over all ; and W such

w
that ) r; = m. The coefficients A are given by/[1]:
i=1
s—1 ;
1—wti
AT,S = H 1 _ WJ

THE PARAFERMION SHIFT OPERATORS

The shift operators ¥; of the spin chain Hamiltonian
transform energy eigenstates into different energy eigen-
states. Thus, they must obey:

[H7 \I}j] = AJ\IJj

where A; is the energy difference between the shifted and
unshifted eigenstate for W;. This presents a problem,
however, because commutators of parafermion operators
with the Hamiltonian are not linear in the parafermion
operators. If we define an operator that acts on operators
‘H such that

, the "eigenoperators” of H are the shift operators, with
energy shifts corresponding to the eigenvalues of H. It
can be shown[1] that there are only nL shift operators,
where L is the length of the system. This makes sense,
as each spin only has n unique eigenvalues, and there are
L sites. To find the eigenoperators, we first apply H suc-
cessively nL times to an arbitrary operator, and subtract
out the bits that are proportional to the resultant lower
order operators. This will create a basis of operators that
can then be used to represent H as a matrix. The eigen-
vectors of this matrix are then the desired eigenoperators.
Using the simplest parafermion 19 = x;1 as the starting
operator and the parafermion commutation rules, we can
generate the sequence:

= Hno

Nsn = Hnsnfl - 72m7177(s—1)n
Nsnt1 = HNsn — P2mM(s—1)n+1
Nsn+1+1 = Hnsn-l-l for i <n

Note that, because of these relationships, the result of
applying H" to some 7; will only contain 7, such that
rmodn = [ modn. This means that, in the basis of
s, the matrix representation of H™ breaks into several
independent blocks; for every 0 < ¢ < n, there is a cor-
responding L X L matrix that mixes between all the dif-
ferent n; with [ = sn+¢, 0 < s > L. Computing the
(normalized) eigenvector of H" with eigenvalue ug, we
obtain, for the Ith block:

1 L—-1 1 L—-1
(0) = —_— Q u (l) = —_— Q u
k Nkmzzo 2m (Uk )N % N’“w;) 2m 1 (Uk ) Nsn 1

where Q,(u) is the polynomial defined by

2L—1
det ( u? —H’) H b
b=a+1
H' is H with the a bottom rows and a rightmost columns
deleted. H acts on these eigenvectors by HQSU) ¢(l+1)
except for [ = n — 1, where the action is qug) =u ¢§€O).

1
Now, defining €} = u;, the shift operators are given by

n—1
Upr= Y (wlep) ™ & ep (6)
q=0



FIG. 2: Various coupling phases in the Z3 chiral clock model.
The ground state switches from ferromagnetic to antiferro-
magnetic order as the phase is varied[2]

where p is an integer. The commutator of these eigen-
vectors and the Hamiltonian is, from the definition of
H, (1 — w)wPe. Thus, relative to the ground state, the
spectrum is given by the sum over all possible shifts:

E = Zk = 15wPre, (7)

PARAFERMION ZERO MODES

The creation operator for a zero mode of a system must
satisfy 2 criteria. First, it must commute with the
Hamiltonian (the energy is conserved so zero energy is
added). It must also shift the particle number by 1;
for fermions, this would correspond to the operator anti-
commuting with (—1)¥, where F is the fermion number.
For parafermions, this becomes:

WP = W’

where U is the zero mode operator and w? is the Z,
charge. An edge zero mode must also be localized near an
edge; the zero-mode operator’s dependence on the state
of parafermions at some site [ away from the edge should
be exponentially small.
The most general nearest-neighbour Hamiltonian for
the Z,, spin chain in terms of parafermions is[2]:
n—1

L n—
H,=-— Z amfjwm(mfn)/QX?—md};ﬁ
j=1m=1

~

1 n-1
_ Z dejwm(m_n)/Qw;L_mX?-Lf—l
j=1

—F+V

m=1

where F contains all shift terms, and V' contains all in-
teraction terms. Note that the couplings o are not nec-
essarily real.

We can generate the zero-mode iteratively by noting
that the parafermion at the edge, x1, commutes with V,

but not F (it is a zero mode if there are no shift terms).
If we can write the commutator [F, x1] as a commutator
[V, X] for some operator X, then subtracting X from
x1 will cancel out the remainder from F and add a new
remainder. Iterating this:

]:Xn = VXn+1

Continuing this to infinity generates the iterative zero
mode solution. It should be noted that the iterative
method fails for a,, real[2].

For complex v, the iterative solution exists. Consider
the operator H defined by Hv = [H, |v)], where |v) is an
ordered product of parafermion operators acting on the
vacuum REFERENCE. A zero mode corresponds to an
eigenvector of H with eigenvalue zero. This matrix can
be written as

H

L L-1

=Y fiHai— Y JiHa,
=1 j=1

=F +V

where Hy, acts on |v) by shifting the parafermion at site k
down m, and shifting the parafermion at site k+ 1 up m.
If site k is unoccupied, then H; annihilates that state.
Now we can apply the iterative method to find a state of
H with zero eigenvalue, starting from |vg) = x1|0) which
commutes with V'. However, V' has several zero eigen-
value eigenvectors. If F'|v,) overlaps with any of these
eigenvectors, then |v,41) cannot be found from invert-
ing V' and multiplying by F'|v,,). Thus, the contribu-
tion of these zero eigenvalue eigenvectors to |v,) must
be subtracted out to get the exact zero mode. This
zero mode, however, is not necessarily an edge mode.

-1
The x; parafermion is of order L

¥i or greater in the
expansion of an edge zero mode operator. Thus, only
the parafermion operator furthest from the edge for each
power of % determines whether or not the solution is
an edge mode. The furthest parafermion operator in
F'|vn) 18 Xant2, from the action of Hopy1. All terms
acted on by Ha,41 contain ya,42 and thus V' is invert-
ible for the leading term without corrections. Iterating
just the leading term, the parafermion xo,42 is propor-

—1
tional to %n |o), which satisfies the criteria for an edge
mode.
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